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摘要 
高危型人乳头瘤病毒（Human papillomavirus, HPV）持续性感染被认为是引
起黏膜组织上皮细胞病变，继而导致女性宫颈癌、阴道癌和男性阴茎癌等癌症疾
病发生的最主要原因。其中，宫颈癌是目前最常见的妇科恶性肿瘤之一，全球每
年有超过 50 万女性被诊断出患有宫颈癌。在中国，每年也约有 10 万例宫颈癌新
增病例。 
HPV 是一种无包膜的双链 DNA 病毒，其病毒衣壳由主要衣壳蛋白（L1）和
次要衣壳蛋白（L2）组成。在体外，72 个 L1 五聚体可以自组装形成 T=7 的病
毒样颗粒（Virus-like particles，VLPs）。研究表明，HPV L1-VLPs 诱导机体产
生的中和抗体能够对 HPV 病毒感染过程中的不同环节进行干预从而有效抵御
HPV 病毒的感染。但是，由于目前还缺乏高分辨率的 HPV 中和抗体免疫复合物
结构信息，难以有针对性地对抗体中和表位展开相关功能研究，从而限制了我们
从分子水平上去理解病毒的感染机制以及 HPV 抗体抵抗病毒感染的中和模式。 
HPV 主要衣壳蛋白 L1 的表位高度使得由 L1 形成的 VLP 疫苗免疫产生的抗
体具有高度型特异性，难以提供型交叉保护。而 HPV 的流行病学研究结果表明，
能够引发恶性肿瘤发生的 HPV 型别多达 15 种。目前最新上市的 HPV 九价疫苗
也只能提供针对 7 个高危型别 HPV 感染的保护，且该疫苗采用的是野生型 HPV
病毒样颗粒（VLP），剂量已达 270 μg，难以进一步增加 HPV 型别以扩大保护
范围。因此，有必要深入展开 HPV 型特异性特征的结构研究，找到能够打破 HPV
严格型特异性的关键所在，从而为新型广谱 HPV 疫苗的分子设计提供新的思路。 
针对以上科学问题，本研究从不同型别 HPV 单抗盘中筛选出具有代表性的
型特异性中和抗体，利用结构生物学手段解析高分辨率 HPV 免疫复合物的空间
结构，精确定位多个型特异性中和表位的位置所在，从分子水平上阐释型特异性
中和抗体的中和模式。并且基于该表位信息展开病毒学功能研究，为揭示 HPV
基础病毒学过程以及 HPV 型特异性奠定理论基础。 
首先，我们从 HPV58 和 HPV59 型单抗盘中选择了两株具有高中和效价的型
特异性抗体 HPV58.A12A3 和 HPV59.28F10。通过分别对抗体与 VLP 以及五聚
体抗原的 ELISA 反应活性进行比较，发现了抗体 A12A3 对于五聚体与 VLPs 之
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间存在的微弱构象差异较为敏感；而抗体 28F10 的抗原表位在 VLPs 和五聚体上
未产生明显变化。另外，对抗体不同的功能分子（IgG 和 Fab）中和能力的检测
结果发现，两个抗体的 IgG 中和效价均显著高于其 Fab 分子。通过对两种颗粒免
疫复合物分子 VLP:IgG 和 VLP:Fab 进行电镜观察，发现两个抗体的 IgG 分子具
有交联抗原颗粒的能力，解释了两个抗体 IgG分子中和能力强于Fab分子的现象。 
其次，利用 X-射线晶体学技术成功解析了 HPV58 pentamer、HPV58 
pentamer:A12A3 Fab 和 HPV59 pentamer:28F10 Fab 三个样品高分辨率晶体结构，
分辨率分别为：2.0 Å，3.5 Å和 3.4 Å。结构表明抗体 A12A3 和 28F10 是两种在
结合 HPV 模式上具有显著差异的 HPV 中和抗体：A12A3 以一个 Fab 结合在抗
原五聚体中央孔洞上，而 28F10 则为 5 个 Fab 片段结合在抗原五聚体的每个 L1
单体上。进一步的表位分析结果表明，两个抗体识别的抗原表位均只有 6~7 个氨
基酸，其中 A12A3 抗体识别的是抗原五聚体上相邻两个 L1 单体上的 DE loop
（Q165a，D154b，R161b，Q165b，S168b和 N170b），而 28F10 与抗原的结合则
完全通过 L1 单体上 FG loop 介导（M267，G268，Q270，E273，Y276，K278，
D281 和 R283）。接着利用低温电镜技术解析了两个抗体的 VLPs 颗粒复合物结
构，分辨率分别为 9.5 Å 和 8.4 Å（FSC=0.143），证实了两个抗体结合五聚体的
方式与其结合病毒颗粒中作用方式一致。 
然后，基于两个复合物晶体结构中抗原抗体相互作用界面上的抗原位点，制
备了多个五聚体形式和 VLPs 颗粒形式的定点突变体。通过 ELISA 结合实验以
及 SPR 技术对两个型别各突变抗原与 A12A3 和 28F10 的反应活性分别进行了考
察，结果表明 HPV58L1 位点 R161 对于抗体 A12A3 识别 HPV58 抗原具有关键
作用；而 HPV59L1 位点 E273 和 R283 则对于 HPV59 抗原与抗体 28F10 的结合
扮演重要角色。 
最后，我们构建 HPV58 和 HPV59 多个定点突变型假病毒，以考察了两个型
特异性中和表位是否参与了病毒感染的过程。病毒感染实验结果充分说明，
HPV58L1 蛋白序列位点 D154，S168 和 N170 对于 HPV58 病毒感染细胞过程具
有关键的作用；而 HPV59L1 蛋白的 FG loop 上的 6 个位点（E273A，Y276A，
R283A，M267，Q270 和 K278）均能显著影响 HPV59 病毒感染宿主细胞的能力。
进一步地，我们借助在进化关系上距离 HPV58 和 HPV59 最近的型别——HPV33
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和 HPV18，将抗体识别的差异位点分别对应地同源置换至 HPV33 和 HPV18L1
的对应位点上（H33-K161R，H33-A168S，H33-T168N 和 H33-KAT，以及
H18-T270Q，H18-Q273E，H18-G281D 和 H18-TQG），然后在 VLPs 和假病毒
水平上分别验证异型突变体与对应抗体的反应活性。结果发现，三点共突变后均
能够较大程度地提高与 A12A3 或者 28F10 的抗体结合活性。因此，我们认为，
这几个位点对于其型特异性确立起到了十分关键的作用。 
综上所述，本研究利用结构生物学技术、生物化学、分子及细胞生物学手段，
从空间结构上对 HPV 型特异性中和表位进行了研究，阐释了 HPV 型特异性抗体
中和病毒感染的分子机制。同时，基于对表位信息的功能研究，证实了两株抗体
的中和表位参与了病毒的感染过程以及进化过程中型特异性的产生，从而为实现
型交叉保护的 HPV 疫苗分子设计以及以抗病毒中和位点为靶标的治疗药物研发
奠定了理论基础。 
 
关键词：人乳头瘤病毒；免疫复合物；型特异性中和表位；病毒感染；结构 
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ABSTRACT 
Persistent, high-risk human papillomavirus (HPV) infection is the primary cause 
of cervical cancer, vaginal cancer and penile cancer. Cervical cancer is one of the 
most common female malignant cancers. More than 500,000 annual new cervical 
cancer cases worldwide and 100,000 in China are attributed to HPV infection.  
HPVs are non-enveloped, double-stranded DNA viruses that consist of multiple 
copies of the major (L1) and minor (L2) capsid proteins. In vitro, each of the 72 
pentamers is composed of five copies of the L1 protein, which can self-assemble into 
an empty T=7 icosahedral shell called a virus-like particle (VLP). Previous studies 
indicated that neutralizing antibodies elicited by L1-only virus-like particles (VLPs) 
can block HPV infection by interfering different events during HPV infection 
process；however, the lack of high-resolution structures has limited our understanding 
of the mode of virus infection and HPV neutralization mechanism at the molecular 
level. 
L1 surface loops of different HPVs exhibit a high degree of variation, and this 
variability is the main reason why there is limited cross-protection conferred by the 
current, approved VLP-based vaccines. There are 15 HPV types are associated with 
the development of cervical cancers and other anogenital cancers. Currently, there are 
three commercially available, prophylactic HPV vaccines, among which the most 
widely protective vaccine, Gardasil 9 can provide protection against only 7 high-risk 
HPV types. Including more HPV types L1 proteins into a vaccine is a big challenge 
for manufacturing due to the dosage of Gardasil 9 is already up to 270 μg. Therefore, 
it is necessary to structurally determine the type-specific epitopes to understand the 
type specificity for HPV immunology and subsequently help pave a new way to 
design a wide-spectrum HPV vaccine.  
To address the above issues, in this study, we two representatively type-specific 
HPV neutralizing antibodies were selected to analysis their accurate epitope 
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information by determining high resolution immune complex structures. Based on the 
epitope information, more virus infection assays were conducted with the mutated 
HPV virus to help us to unravel the process of HPV infection process and 
type-specificity of HPV.  
Firstly, two HPV type-specific antibodies HPV58.A12A3 and HPV59.28F10 
were selected from the HPV antibody panels in our lab. We measured the binding 
capabilities, using ELISA assays, of A12A3 and 28F10 IgGs to HPV58 and HPV59 
pentamers (p), respectively, and compared this with binding to VLPs. We found that 
A12A3 IgG did not bind as well to HPV58p as it did to HPV58 VLPs, whereas the 
binding profiles of 28F10 IgG to the pentamer and VLPs of HPV59 were similar, 
indicating A12A3 was more sensitive to the minimal conformational changes on 
epitope between pentamer and VLPs. Using a neutralization assay, we found that the 
IgGs of A12A3 and 28F10 are more potent at neutralization than their corresponding 
Fabs in this assay. Electron microscopy observations on VLP:Fab and VLP:IgG of 
both HPV58:A12A3 and HPV59:28F10 show that both A12A3 and 28F10 IgGs could 
simultaneously capture two VLPs, indicating the discrepancy of neutralizing activity 
between Fabs and IgGs may be attributed to the avid binding of the IgGs with its two 
arms binding to different virus particles, which would produce a much higher 
apparent affinity than that of the monovalent Fabs. 
Then, we determined the crystal structures of HPV58p alone, as well as the 
HPV58p:A12A3 and HPV59p:28F10 immune complexes to resolutions of 2.0 Å, 3.5 
Å, and 3.4 Å resolution, respectively. From the structural information, we realized 
that A12A3 and 28F10 could specifically bind to and neutralize HPV58 and HPV59, 
respectively, through two distinct binding stoichiometries: only one A12A3 Fab is 
bound to the center of the HPV58 pentamer, whereas five 28F10 Fabs are located 
around the periphery of the upper rim of the HPV59 pentamer. We show that the 
epitopes of A12A3 are clustered in the DE loops of two adjacent HPV58 L1 
monomers (Q165a, D154b, R161b, Q165b, S168b and N170b), whereas 28F10 
recognizes the HPV59 FG loop of a single monomer (M267, G268, Q270, E273, 
Y276, K278, D281 and R283). We next determined the cryo-EM structures of A12A3 
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Fab and 28F10 Fab in complex with HPV58 L1 VLPs and HPV59 L1 VLPs at 9.5 Å 
and 8.4 Å, respectively. The congruency in the binding modes for both A12A3 and 
28F10 to the corresponding pentamer and VLPs was verified by comparing the details 
in the crystal structures and the capsid immune complexes.  
Next, to ascertain which residues are critical for antibody recognition, we 
performed alanine-scanning mutagenesis on pentamers and VLPs. The resultant 
binding capacities of different variants were evaluated by indirect ELISA and SPR. 
We found that HPV58–R161, HPV59–E273 and HPV59–R283 play essential roles in 
the interaction between the antigens and their corresponding antibodies. 
Finally, to verify the antibody-binding regions associated with the virus infection 
sites, we generated virus mutants of HPV58 and HPV59 using alanine substitutions 
for interface amino acids of HPV L1 involved in the interactions with mAbs A12A3 
and 28F10, respectively. In HaCaT cells, we found HPV58-D154, S168, N170 and 
HPV59-M267, Q270, E273, Y276, K278, R283, that play critical roles in virus 
infection. Moreover, by substituting these strategic epitope residues into other HPV 
genotypes, we could then redirect the type-specific binding of the antibodies to these 
genotypes, thus highlighting the importance of these specific residues, HPV58-R161, 
S168, N308 and HPV59-Q270, E273, D281. 
Overall, with a combination of various methods of structural biology, 
biochemistry and celluar biology, we comprehensively characterized the structure and 
function of type-specific epitopes of HPV, thus help understand the HPV 
neutralization mechanism at the molecular level. In addition, the extended functional 
assays based on the identified epitopes also demonstrated the neutralizing epitope of 
HPV antibodies were involved in the determinants of HPV required for infectivity and 
type specificity. This knowledge will help better design wide-spectrum HPV vaccine, 
and potentially be used to drive the development of therapeutics that target 
neutralization-sensitive sites. 
 
Key words: Human papillomavirus; immune complex; type-specific neutralizing 
epitope; infectivity and structure  
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缩略词 
Amp: Ampicillin, 氨苄青霉素 
AUC: Analytical Ultracentrifugation, 分析型超速离心技术 
APCs: Antigen Presenting Cells, 抗原呈递细胞 
bp：base pair, 碱基对 
BPV: Bovine Papillomavirus, 牛乳头瘤病毒 
CDR: Complementarity Determining Region, 抗原互补决定区 
CHT II: Calcium Hydroxyapatite II, II 型羟基磷灰石介质 
CIN: Cervical Intraepithelial Neoplasia, 宫颈上皮内瘤样病变 
CTL: Cytotoxic T Lymphocyte, 细胞毒 T 淋巴细胞 
DC: Dentritic Cell, 树突状细胞 
DLS: Dynamic Light Scattering, 动态光散射 
DNA: Deoxyribonucleic Acid, 脱氧核糖核酸 
ELISA: Enzyme-linked ImmunoSorbant Assay, 酶联免疫吸附测定 
FDA: Food and Drug Administration, 美国食品及药品管理局 
GAM-AP: 标记碱性磷酸酶的羊抗鼠抗体 
GAM-HRP: 标记辣根过氧化物酶的羊抗鼠抗体 
GFP: Green Fluorescent Protein, 绿色荧光蛋白 
HPLC: High Performance Liquid Chromatography, 高效液相色谱 
HPV: Human Papillomavirus, 人乳头瘤病毒 
HRP: Horseradish Peroxidase, 辣根过氧化物酶 
ICTV: International Committee on the Taxonomy of Viruses, 国际病毒学分类委员会 
Kan: Kanamycin, 卡那霉素 
KDa: kilo Daltons, 千道尔顿 
LC: Langenhans Cell, 朗格汉斯细胞 
Mab: monoclonal antibody, 单克隆抗体 
NK: Natural Killer, 自然杀伤细胞 
NMR: Nuclear Magnetic Resonance, 核磁共振 
ORF: Open Reading Frame, 开放阅读框 
PDB: Protein Data Bank, 蛋白质数据库 
pRb: Retinoblastoma Tumor Suppressor Gene, 视网膜母细胞瘤抑制基因 
RNA：Ribonucleic Acid, 核糖核酸 
SAS: Solvent Accessible Surface, 溶剂可及化表面积 
SPFF:Sp SepharoseTM Fast Flow,阳离子交换层析介质 
SV: Sedimentation Velocity, 沉降速度 
TEM: Transmission Electron Microscopy, 透射电子显微镜 
Th：Helper T lymphocyte, 辅助 T 淋巴细胞 
URR:Upstream Regulatory Region, 上游调节区 
VLP:Virus-Like Particle(s), 病毒样颗粒 
WHO: World Health Organization, 世界卫生组织 
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